The rate equation for a tight-binding inhibitor of an enzyme-catalysed first-order reversible reaction was used to derive two integrated equations. One of them covers the situations in which competitive, uncompetitive or non-competitive inhibition occurs and the other refers to the special non-competitive case where the two inhibition constants are equal. For these equations, graphical and non-linear regression methods are proposed for distinguishing between types of inhibition and for calculating inhibition constants from progress-curve data. The application of the non-linear regression to the analysis of simulated progress curves in the presence of a tight-binding inhibitor is also presented. The results obtained are valid for any type of 'dead-end '-complex-forming inhibitor and can be used to characterize an unknown inhibitor on the basis of progress curves.
INTRODUCTION
The analysis of progress-curve data has many wellknown advantages over initial-velocity measurements: more information from fewer experiments, more reliable data, the possibility of simultaneous analysis of product effect and so on. Although it has not been used very often, this is probably a temporary problem (Duggleby, 1985) , which will be overcome as methods for data analysis are improved and simplified (Duggleby & Wood, 1989) .
There have been several attempts to use progress curves for the determination of inhibition parameters. Thus Waley (1982) reported a method to determine inhibition constants by the comparison ofprogress curves recorded in the presence and in the absence of an inhibitor. This treatment assumes the validity of rate equations for classical inhibitors, as does the work of Kellershohn & Laurent (1985) . This latter paper analyses the influence of product inhibition on progress curves at high concentrations of enzyme. For low enzyme concentrations the product influence is described by the integrated equations deduced by Boeker (1984) for reversible mono-and bi-molecular reactions.
Though there is not a clear demarcation between the classical type of inhibition and that caused by tightbinding inhibitors, classical inhibition is produced only at inhibitor concentrations considerably higher than the enzyme concentration, whereas tight-binding inhibition occurs at inhibitor concentrations comparable with that of the enzyme (Morrison, 1969) . Although a limited number of studies have been made on the kinetics of tight-binding inhibitors, interest in the subject is increasing constantly, mainly because of their importance as chemotherapeutic agents (Williams & .
The kinetic analysis of tight-binding inhibition is complex because Michaelis-Menten-type equations are not valid. As a result, double-reciprocal plots become non-linear in the presence of tight-binding inhibitors, as demonstrated by Morrison (1969) . He gave a general initial steady-state rate equation for any enzymecatalysed reaction in the presence of a tight-binding reversible inhibitor, but he has underlined the difficulties related to the determination of inhibition constants.
A linear form of the Morrison equation was derived by Henderson (1972) . It allows a graphical determination of the mechanism of inhibition and the enzyme concentration. It was also shown and illustrated for the Michaelis-Menten-type irreversible reaction that secondary plots give the inhibition constants for competitive and uncompetitive cases. However, for non-competitive inhibition the two inhibition constants can be evaluated only by extrapolating a non-linear curve, a procedure that is unlikely to yield accurate values. The experimental part of this work (Henderson, 1972) confirms that, at least in the case of the mitochondrial ATPase inhibition by rutamycin, the scatter of the data points is too large to allow accurate evaluation of the equation parameters.
It should be noted here that in this paper we use the term 'non-competitive' in the broad sense where inhibition depends on two inhibition constants (Duggleby, 1988) . In the special case where the two constants are coincident, which, for want of a better term, we here call 'pure non-competitive' inhibition, Henderson's equation yields a straight line that can be used to calculate the inhibition constant. Greco & Hakala (1979) , by using a Monte Carlo simulation, evaluated the strong and weak points for 11 of the existing initial-rate methods used in calculating dissociation constants. They concluded that computer methods that utilized non-linear regression based on the equations of Ackermann & Potter (1949) and Morrison (1969) are significantly more precise.
More recently, Sculley & Morrison (1986) developed a new method for the determination of kinetic constants other methods for analysing slow-binding inhibition Williams et al., , 1980 , consider only the initial part of product-time curves where there is a transition from the initial velocity to the steady-state velocity, and they do not allow for depletion of the substrates or inhibition by accumulated product as the reaction proceeds.
The aim of the present paper is to try to overcome the difficulties in the determination of the inhibition constants by using the advantages of progress-curve analysis. Starting from Morrison's general equation and from a widely used form of the reversible-type Michaelis-Menten equation, we derived a general form of the progress-curve equation for competitive, uncompetitive and non-competitive inhibition. Thus these equations, which have not been reported previously, cover the main types of tight-binding inhibition.
Our principal aim is to show the origin and interpretation of these equations, rather than to fit them to progress-curve data. However, some selected examples are given to illustrate possible approaches to non-linearregression analysis of experimental measurements.
THEORY
The initial-velocity equation for any enzyme-catalysed reaction may be represented in a general form (Morrison, 1969) as:
The rate equation for this mechanism is: (Cleland, 1963; Morrison, 1969) and [E] , represents the total enzyme concentration. Morrison (1969) Morrison's equation (Morrison, 1969) :
Consider a reversible one-substrate-one-product enzyme-catalysed reaction (S=I P) 
where KI and KI' are dissociation constants for El and ESI complexes respectively. The distribution equations (Cleland, 1963; Morrison, 1969) for the free enzyme and for the ES complex are:
( 1 1) In the absence of the inhibitor, the steady-state velocity
(12) Allowing for the possibility that the inhibitor reacts with both E and ES, then, using eqn. (2) 
We emphasize that p2, p3 and p4 are all strictly positive.
Examine now the roots of the quadratic equation: (16) P20+2P3C+p4 =° (21) Ks K1 for X(N1/K1). We consider that this situation would be so rare that it does not warrant further analysis in a separate section.
It is evident that X(Nl/Ki) has the form:
(NilKi) = a+bC (18) The particular forms of a and b for competitive, pure non-competitive and uncompetitive inhibition can be derived by setting K,' = oo, K, = K,' and K, = oo respectively (see Table 1 ).
Setting K, = oo and [P]O = 0, a and b from Table 1 The roots can be obtained from the general solution: 
then become identical with the expressions given by Henderson (1972) for the case of irreversibility.
Introducing now eqns. (8) and (18) 
where
and A1 to A45 B1 and B2are defined in the Appendix. (23) and (20) and finally integrating eqn. (19), we obtain eqn. (28), which is the integrated form of the uninhibited reversible reaction:
The same equation (28) 
Analysis of data
Eqn. (24) was fitted to the simulated experimental data for non-competitive inhibition by non-linear regression by using the BASIC program DNRP53 (Duggleby, 1984 A similar procedure may be used to calculate the inhibition constant and the enzyme concentration for competitive inhibition and for pure non-competitive inhibition, except that in the latter case the fit is based on a solution of eqn. (26). METHODS Simulation of experimental progress curves By using particular values for the various enzyme kinetic parameters, the initial concentrations of substrate and product and the total concentrations of enzyme and inhibitor, eqn. (24) (28), which is the wellknown form of the integrated Michaelis-Menten-type equation (Duggleby, 1986) . There are many reports related to the calculation of parameters of this equation. Although we would not recommend this approach, it could be done by linear regression on different linearized forms of eqn. (28). This method cannot be applied when z., is unknown, so it is preferable to use non-linear regression to obtain the unknown parameters (e.g. Atkins & Nimmo, 1973; Fernley, 1974; Duggleby, 1984 Duggleby, , 1986 Szedlacsek & Ostafe, 1987 If the absolute value of KI is very high relative to both KI' and the largest [I]t, this suggests that the inhibition is uncompetitive. It is useful to refit the data to eqn. (24) but using for a and b the appropriate forms taken from Table 1 . Finally, if KI and K1' are of comparable magnitudes, the inhibitor is non-competitive and no reanalysis is necessary. Determination of inhibition constants for a competitive, uncompetitive or non-competitive inhibitor At first sight, eqn. (24) seems to be quite complicated and the evaluation of parameters would be rather difficult. However, taking into account that many of the parameters can be determined from the uninhibited reaction, the fitting of progress-curve data by a nonlinear-regression technique becomes feasible. Many attempts have been made to apply non-linear regression to progress-curve analysis (e.g. Atkins & Nimmo, 1973; Fernley, 1974; Duggleby, 1984 Duggleby, , 1986 Kellershohn & Laurent, 1985) . The majority of the authors have concluded that these non-linear procedures are reliable provided that some precautions have been taken [see, e.g., Atkins & Nimmo (1973) and Matyska & Kovar (1985) ].
Despite of the complexity of eqn. (24), we have been successful in applying non-linear regression to the analysis of simulated progress curves referring to non-competitive tight-binding inhibitor. A typical example of the fit is shown in Table 2 . Note that KI and K,' are of DI(NiKi) Thus, if we decide to use progress-curve analysis in characterizing an unknown inhibitor, it is useful to begin with the more general treatment described in the present paper. Clearly, if we conclude that our inhibitor is of a classical type, we can then re-analyse our experimental data by using simpler techniques (e.g. Waley, 1982) .
In the present paper we have considered only the case of 'dead-end'-complex-forming inhibitors, often called 'linear' inhibitors. For the more complex case of 'hyperbolic' tight-binding inhibition, in which the enzyme-inhibitor complexes are still able to yield the reaction product, the equations given here are not valid. However, a method for determining inhibition constants from initial-velocity data in this situation has been reported (Szedlacsek et al., 1988) . For 'linear' tightbinding inhibitors, we prefer to use the progress-curve analysis instead of the initial-velocity measurements, because of the richness of data offered by the former. 
